Replication of all positive RNA viruses occurs in association with intracellular 14 membranes. In many cases, the mechanism of membrane targeting is unknown and 15 there appears to be no correlation between virus phylogeny and the membrane systems 16 recruited for replication. Pelargonium flower break virus (PFBV, genus Carmovirus, 17 family Tombusviridae) encodes two proteins, p27 and its read-through product p86 ( 
Introduction 37
The replication of all positive strand RNA viruses of eukaryotes takes place in 
Expression of gene constructs in yeast and plant cells 165
For expression in yeast cells, the pYES 2.0 derived constructs were employed to 166 transform S. cerevisiae strain W303-1A (MATα, his3-11/15, leu2-3/112, trp1-1, ura3-1, 167
ade2-1, can1-100, Wallis et al., 1989) . The plasmid p36K-GFP, allowing expression of 168 protein p36 of Carnation italian ringspot virus (Rubino et al., 2000) , was also included 169 for comparison purposes. Transformation of plasmids was done with the lithium 170 acetate-polyethylene glycol method (Ito et al., 1983) . Transformed cells were spread on 171 minimal selective medium (SD) plates containing 0.7 % yeast nitrogen base without 172 amino acids, 2 % dextrose or galactose, histidine at 30 μg/ml, leucine at 100 μg/ml, 173 tryptophan at 100 μg/ml and 2 % agar, and incubated at 28 ºC for two days. Samples 174 were collected directly from the plates for inspection through confocal microscopy. To 175 study potential involvement of host factors in p27 subcellular localization, a series of 176 yeast knockout strains (see Table 1 ) coming from the EUROSCARF collection 177 (Winzeler et al., 1999) was also transformed with construct pYES-p27GFP. In this case, 178 the parental, wt strain corresponded to BY4741 (MATa; his3Δ1; leu2Δ0; met15Δ0; 179 ura3Δ0) and transformed cells were grown on SD/galactose plates supplemented with 180 histidine at 30 μg/ml, leucine at 100 μg/ml, and methionine at 100 μg/ml. green fluorescence throughout the cell (Fig. 1 ). This is due to the lack of targeting 261 signals in GFP and its small size, which permits diffusion across the nuclear envelope. 262
Conversely, p27 tagged with a carboxy-terminal GFP, p27GFP, localized to discrete 263 cytoplasmic sites (Fig. 1) . It was hypothesized that this cytoplasmic pattern represented 264 localization of p27 to mitochondria, and to confirm this, the cells were stained with 265
MitoTracker Orange, a molecular probe that specifically labels these organelle (Poot et 266 al., 1996) . It was apparent that the fluorescence derived from the p27GFP protein co-267 localized with the mitochondrial MitoTracker Orange signal ( protoplasts. An equivalent construct allowing expression of unfused GFP was included 290 as a control. Unfused GFP was observed through the cytoplasm and was not excluded 291 from cell nuclei (Fig. 2) . In contrast, expression of p27GFP led to a pattern of 292 fluorescence restricted to definite structures that corresponded to mitochondria as 293 revealed by the MitoTracker Orange signal (Fig. 2) . Collectively, the results showed a 294 clear sorting of the PFBV ORF1-encoded product to specific cell organelles, 295 mitochondria. 296
PFBV p27 is tightly associated to mitochondrial membranes 297
The subcellular localization profiles of p27GFP indicated that it is associated with 298 mitochondria, likely as a membrane (peripheral or integral) protein, according to that 299 reported for other viral replicase proteins (Miller et producing unfused GFP were used as a negative control. Western blot analysis with a 303 GFP specific antibody confirmed the presence of p27GFP in the mitochondrial fraction, 304 in contrast with that observed for the unfused GFP that was detected in the 305 corresponding supernatant (Fig. 3A) . The mitochondrial fraction of p27GFP-expressing 306 cells was further treated with buffers that may discriminate between peripheral and 307 integral membrane proteins. The soluble contents were separated from the pellets by 308 ultracentrifugation and both, pellets and supernatants, were analyzed by immunoblot 309 with the anti-GFP sera. Most peripheral membrane proteins are dissociated from 310 membranes by high pH, high ionic strength, or chaotropic agents. After treatment with 311 100 mM Na 2 CO 3 (pH 11.3), 4 M urea or 1 M KCl, p27GFP was detected mainly in the 312 pellets though a non-negligible amount of the protein was also found in the supernatants 313 with the first two treatments (Fig. 3B) . These observations were similar to those 314 reported for the smaller replicase proteins of MNSV and CIRV though such 315 polypeptides were in general more resistant to membrane extraction through 316 biochemical treatments (Mochizuki et al., 2009; Rubino et al., 2000) . We concluded 317 from these results that p27 was associated to membranes through a mechanism that 318 imparted significant stability to protein-membrane interactions though its nature as 319 integral membrane protein could not be confirmed.
Mapping the regions responsible for mitochondrial localization of PFBV p27 321
Computer analysis of p27 with a broad set of programs designed to predict protein 322 construct and confine such region to residues 21-50. 374
Comparison of the localization patterns of mutants 3 (Fig. 4) and 9 (Fig. 5) together  375 with the above results, hinted at the presence of another targeting signal among residues 376 155-243. Two additional truncated variants, mutants 12 and 13 (Fig. 5) , were analyzed 377 and the associated fluorescence was found to be scattered through cytoplasm and 378 nucleus. As fluorescence of mutant 3 was observed to some extent, though not 379 exclusively, associated to mitochondria, we can concluded that another sorting signal, 380 presumably weaker than that found to the N-terminus, is present between residues 215 381 and 243. 382
To corroborate that the regions found to be responsible for targeting of p27 to 383 mitochondria in yeast were also operative in plant cells, cDNAs of a set of informative 384 p27 derivatives tagged with a carboxy-terminal GFP were cloned under the control of 385 the 35S promoter and expressed in N. benthamiana protoplasts. As observed in yeast, 386 fluorescence derived from mutant 10, encompassing residues 51-155, was uniformly 387 distributed through the cytoplasm and nucleus but enlargement at the N-terminus up to 388 residue 21 in mutant 8 resulted in fluorescence restricted to defined structures that were 389 identified as mitochondria by staining with the MitoTracker dye (Fig. 6) . These 390 observations confirmed the role of the region encompassing residues 21-50 in 391 mitochondrial targeting. In addition, the pattern of fluorescence derived from mutant 13 392 was essentially identical to that of the unfused GFP whereas that of mutant 3 was found 393 associated, at least partially, to mitochondria (Fig. 6) . Thus, the results obtained in would be also consistent with the outcome of electronic microscopy studies showing 436 that PFBV infection specifically affects mitochondria, hinting at this organelle as the 437 sites of RNA synthesis (Lesemann and Adam, 1994) . 438
Analysis of the subcellular localization of PFBV p86 has revealed that it also 439 localizes in mitochondria. This was an expected result as the PFBV p86 RdRp protein 440 includes the entire p27 sequence in its N-terminus, and thus contains the samep27 and p86 co-localize in yeast (Fig. 1) ). An important element in these alternative routes could be the unique lipid 540 composition of the mitochondrial outer membrane which shows the lowest ergosterolFinally, the finding of an association between PFBV p27 and mitochondrial 543 membranes opens the possibility that the protein could modify mitochondrial functions 544 during infection to favour viral replication. Such hypothesis has been raised for other 545 plus strand RNA viruses though it has not been formally tested (Schwer et al., 2004) . 546
Further work is needed to explore this issue and to fully characterize the mode by which 547 p27 is targeted to mitochondria. 548 pYES-p27GFP was transformed in the corresponding yeast mutant (see Table 1 
SAM Complex

SAM37
Binds precursors of β-barrel proteins and facilitates their outer membrane insertion. Contributes to SAM complex stability OM
TIM Complex
TIM9
Forms part of a chaperone complex involved in targeting of proteins to specific mitochondrial membranes ITM
ERMES Complex
MDM34
Maintains wild-type mitochondrial morphology OM
MDM10
Subunit of both the ERMES and SAM complex required for normal mitochondrial morphology and inheritance OM
MMM1
Regulates mitochondrial shape/structure and participates in β-barrel assembly pathway OM/ERM
NAC complex
EGD1
Beta subunit of the NAC complex involved in protein targeting undefined
EGD2
Alpha subunit of the NAC complex involved in protein sorting and translocation undefined
Ubiquitin-proteasome
UBX2
(Alias SEL1) Ubiquitin-regulatory protein OM/ERM
UBP16
Ubiquitin-specific protease OM
Porins
POR1
Maintenance of mitochondrial osmotic stability and mitochondrial membrane permeability OM
POR2
Putative mitochondrial porin OM
Others
MSP1
Putative membrane-spanning ATPase involved in intramitochondrial sorting of proteins OM
MIR1
Mitochondrial phosphate carrier IM
GEM1
GTPase which regulates mitochondrial morphology OM
UGO1
Component of the mitochondrial fusion machinery OM
OM45
Major constituent of the mitochondrial outer membrane with unknown function OM
MMR1
Phosphorylated protein that mediates mitochondrial distribution to buds OM a TOM, translocase of outer membrane; SAM, sorting and assembly machinery; TIM, translocase of the inner mitochondrial membrane; ERMES complex, ER-mitochondria encounter structure; NAC, nascent polypeptideassociated complex. b OM, outer membrane; IM, inner membrane; ITM, intermembrane space; ERM, endoplasmic reticulum membrane.
